There has been considerable controversy about the most appropriate means of delivering insecticide-treated nets (ITNs) to prevent malaria. Household demand for ITNs is a key factor influencing the choice of delivery strategy, but evidence to date about price and income elasticities comes either from studies of hypothetical willingness to pay or small-scale policy experiments. This study estimates the price and income elasticities of demand for ITNs using nationally representative household survey data and actual consumer choices, in the context of a national scheme to provide vouchers for subsidized nets to pregnant women in Tanzania. Under this distribution system, the estimated price elasticity of demand for subsidized ITNs equals À0.12 and the income elasticity estimates range from zero to 0.47, depending on household socio-economic status. The model also shows a substantial decline in short-term ITN purchases for women whose household received a free ITN.
Introduction
Malaria kills over 800 000 African children each year (Rowe et al. 2006) and poses a health threat to millions of adults and children. Insecticide-treated bednets (ITNs) are an effective tool for reducing malaria exposure (Lengeler 2004 ) and international health organizations have recently agreed to an 80% ITN coverage target for pregnant women and infants in affected countries by 2010 (Roll Back Malaria Partnership 2005) . Unfortunately, this target remains a distant reality throughout sub-Saharan Africa (UNICEF 2007; WHO 2008) , though substantial improvements in coverage have occurred in some settings following free distribution campaigns (CDC 2006; Thwing et al. 2008) .
Substantial disagreement remains about how best to distribute ITNs (Lengeler et al. 2007; Lines et al. 2008) . Possible schemes range from widespread free delivery (Curtis et al. 2003; Maxwell et al. 2006; Noor et al. 2007; Teklehaimanot et al. 2007) to subsidized distribution via the commercial sector (Armstrong Schellenberg et al. 1999; Hanson et al. 2003; Magesa et al. 2005; Webster et al. 2005) . While this study does not intend to resolve this controversy, one vital component absent from the discussion is accurate and nationally representative information regarding household preferences for ITNs. The limited available evidence to date on ITN demand comes from contingent valuation studies or limited geographic samples (Onwujekwe et al. 2003; Onwujekwe and Uzochukwu 2004; Onwujekwe et al. 2005; Mujinja 2006; Cohen and Dupas 2010) , which decrease their relevance in guiding national ITN policies.
This study helps fill the void regarding household preferences for ITNs by estimating ITN demand throughout Tanzania between . In September 2004 , Tanzania launched a national ITN promotion programme, the Tanzanian National Voucher Scheme (TNVS), which provides subsidized ITNs to all pregnant women who visit antenatal clinics. Data from the TNVS are used to estimate ITN demand elasticity with respect to ITN prices and household income. The impact of free ITN distribution on short-term ITN purchases is also derived.
Methods and data
The TNVS began in October 2004 and by May 2006 reached all 21 regions in Tanzania's mainland (Magesa et al. 2005; Hanson et al. 2007; Hanson et al. 2008) . The programme provides an ITN subsidy to pregnant women using a voucher system. Women who attend antenatal clinics receive a discount voucher worth 2750 Tanzanian shillings (TSh) (approximately US$2.29) towards the purchase of an ITN. The TNVS supplies vouchers to the clinics and trains clinic staff in how to distribute the vouchers. It also recruits shopkeepers near each clinic for retail ITN distribution. Voucher recipients purchase ITNs by providing a 'top-up' payment to the retailer equal to the gap between the voucher amount and the retail price, which generally ranges from 3000 to 5000 TSh. Consequently, the top-up varies with local market conditions and ITN characteristics such as size, brand and colour. Shopkeepers exchange their vouchers with ITN wholesalers for new ITN stock, wholesalers in turn exchange their vouchers with manufacturers for new ITN stock and the TNVS pays the manufacturers 2750 TSh per voucher.
The programme therefore is an example of a 'public-private partnership', with important contributions from the national government (programme management by the National Malaria Control Programme together with technical support from the Swiss Tropical Institute), routine public and non-government health services (distribution of vouchers to women), implementing non-government organizations (the logistics contractor, MEDA, and training and promotion contractors CARE and World Vision), the commercial private sector (ITN manufacturers and retail distributors) and other organizations that contribute to the broader ITN strategy by creating an enabling environment (e.g. Population Services International through the SMARNET project). Between September 2004 and July 2006, the antenatal clinics distributed over 1 million vouchers to pregnant women throughout Tanzania. A detailed tracking study suggests that nearly all these vouchers reached their intended targets with little misuse . The effect of the voucher scheme on ITN coverage of target groups is reported elsewhere (Hanson et al. 2009 ).
In early 2007 the environment surrounding the voucher programme changed considerably (Mulligan et al. 2008; Hanson et al. 2009 ). The TNVS introduced two changes to its operations by increasing the voucher amount to 3250 TSh (which only partly compensated for higher retail ITN prices, arising in part from oil price increases) and adding a new voucher for infants. In addition, the National Malaria Control Programme launched a national 'catch-up' campaign in late 2008 to distribute free ITNs to all children under 5 years old. During this same period, long lasting insecticidal nets (LLINs) began to be distributed in Tanzania. Because all these changes would confound accurate demand estimation, this study focuses exclusively on the initial period of TNVS operations between 2004 and 2006, and only measures preferences for conventional ITNs that are bundled with an insecticide kit.
The main data source for this study is the 2006 TNVS Monitoring and Evaluation Survey. The survey covers over 6000 households in 21 districts in Tanzania, which comprise approximately one-sixth of all districts nationwide. Districts were randomly selected after stratifying by TNVS launch date, with seven districts from the 'early' launch stratum, seven from among the 'middle' launch districts and seven from the 'late' launch districts. The survey was implemented between June and August 2006. Full details are available in Hanson et al. (2008) . Ethical approval for the study was provided by the Institutional Review Board of the Ifakara Health Institute, the Tanzania National Medical Research Coordination Committee, and the ethics committee of the London School of Hygiene and Tropical Medicine.
During its first 2 years of operation, the TNVS greatly affected the ITN environment in Tanzania (Hanson et al. 2009 ). The household monitoring survey reveals that 70% of all pregnant women in 2006 received a voucher, with no statistically significant differences in voucher coverage due to clients' socio-economic status The specific sample for this study includes women from the survey households that received a voucher and also reported knowing about the TNVS, which covered 96% of all voucher recipients. Because this study does not aim to measure the impact of TNVS marketing efforts on voucher use, a homogeneous sample is needed regarding voucher recipients' knowledge of the TNVS. Women reporting that they paid clinic staff for their voucher, comprising 6% of all voucher recipients, are also excluded. These cases likely occurred due to mistakes or misuse by clinic staff or because respondents incorrectly gave the top-up paid to the retailer when asked how much they paid for their voucher.
1 The final sample contained complete information for 529 voucher recipients, of which 83% used their voucher to purchase an ITN.
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Following basic micro-economic theory and previous studies of health input demand (Akin et al. 1986; Cropper et al. 2004) , a voucher recipient's demand for ITNs depends on her household's income level, the ITN price (i.e. top-up amount), her demographic situation, her general preference set and exogenous variables that potentially affect her household's health status. For this study, the dependent variable in the demand equation is the voucher recipient's decision to buy an ITN, which is a binary variable equal to 1 if she bought an ITN and otherwise equal to 0. Because the dependent variable is binary, demand estimation requires a logit or probit model, where the predicted value of the estimated equation equals the probability that a woman uses her voucher to buy an ITN. Provided that the estimated equation and relevant explanatory variables show statistical significance, they can be used to calculate demand elasticities for price, income and other factors.
ITN top-up amounts come from an audit of randomly selected retailers in 21 districts throughout Tanzania between April and September 2005 (Mulligan et al. 2007 ). These districts match those chosen for the TNVS household survey. The top-up amounts used in the regression estimate are the district average retail price for each voucher recipient minus the voucher amount. Note that retail prices naturally vary with local market conditions, including transportation costs over long distances and difficult terrain. Because the top-up amount directly follows the retail price, average retail prices minus 2750 TSh proxy the required top-up for each district's voucher recipients.
Retailers in Tanzania typically sell a combination of small, medium and large nets, which raises a question regarding the correct price for demand estimation. The household survey shows that medium-sized nets comprised the lion's share of voucher purchases, at 39% in 2005 and 45% in 2006 (Hanson et al. 2007: Table 10) . Moreover, there is evidence from the household surveys that nets purchased with vouchers were on average larger than non-voucher nets, suggesting that vouchers allow some households to 'scale up' in size, rather than automatically choosing the small net. In light of both observations, the average price of a medium-sized net in each district is used to proxy the district's representative retail ITN price.
3 To correctly aggregate prices using disparate size nets, the price data are first normalized to a square foot equivalent and then multiplied by the area of a medium-sized net (24 square feet). The complete sample contains data from 352 ITN retailers and 481 observed prices. 4 Figure 1 shows the mean and standard deviation of the estimated top-up values for both the overall sample and for each district. It is unknown a priori whether the district-wide ITN prices simply reflect other conditions within each district such as overall development and poverty levels, therefore potentially biasing the estimated price coefficient, or whether they reflect market conditions that are quasi-random. While the latter assumption is employed here to identify the price effect in the demand estimation, one method to test this assumption is to regress the district-wide prices against district indicators of overall economic development. Appendix A provides details of this regression estimate, with the results suggesting that district-wide ITN prices are independent of general economic conditions.
An index computed for the 2006 TNVS monitoring and evaluation report measures households' socio-economic status and acts as a proxy indicator for household consumption ). The index includes various household assets, the education status of the household head, the type of roofing materials of the residence, whether the household owned or rented its residence, access to electricity and type of sanitation system. These variables are aggregated using principal components analysis, with the resulting index divided into quintiles denoting socio-economic status.
In addition to the aforementioned factors, a potentially important ITN demand variable is whether the voucher recipient's household received a free ITN. It is possible that receipt of a free ITN stimulates additional ITN purchases as household members become accustomed to their use and subsequent benefits. On the other hand, voucher recipients may substitute the free ITN for a planned ITN purchase in the short-term. Moreover, receipt of a free ITN might create an expectation that ITNs are government-provided goods, which would decrease households' future willingness to pay. Another possibility is that receipt of a free ITN does not affect long-term ITN demand since the household simply replaces the free ITN with a purchased ITN after the free unit deteriorates.
This study estimates the impact of free ITN receipt on the short-term ITN purchase decisions of voucher recipients. The data reveal which households in Nachingwea, Tandahimba and Rufiji districts received a free ITN as part of broad vaccination campaigns in 2005 (Skarbinski et al. 2007; Khatib et al. 2008) . A separate binary variable in the demand equation equals 1 if the free ITN arrived in the voucher recipient's household prior to her delivery date. In addition, a small number of voucher recipients in other districts reported that their household received a free ITN from various sources. The binary variable is similarly constructed for these women. While it is possible that these households received their free ITNs because of their specific socio-economic condition, Appendix B suggests that households receiving free ITNs do not differ in terms of their socio-economic status from households that did not receive free ITNs.
DEMAND FOR INSECTICIDE-TREATED BEDNETS IN TANZANIA
Due to the fact that the price data are district-wide and the ITN demand data describe individual voucher recipients, it is incorrect to employ an ordinary logit or probit estimation procedure. Rather, the appropriate model is a generalized estimating equation (GEE) (Zeger and Liang 1986; Ballinger 2004) . In short, the GEE model allows for a binary dependent variable but also accommodates cluster-wide explanatory variables such as the district prices in this study. The GEE model incorporates the fact that observations within each cluster are potentially correlated and makes the appropriate adjustments to the estimated standard errors of the coefficients. Table 1 summarizes the data used to estimate the ITN demand equation while Table 2 contains the corresponding regression estimates. The estimated signs and significance of the coefficients on individual explanatory variables match expectations from economic theory. Women from households with higher socio-economic status show a higher probability of buying an ITN, which is expected for normal consumer goods. Higher top-up amounts reduce the probability that the voucher recipient buys an ITN, which is the expected negative relationship between price and quantity demanded. The estimated coefficient on receipt of a free ITN is significant and negative, showing that free ITNs negatively affect short-term ITN purchase decisions for voucher recipients. Two other key variables worth noting are mothers' primary education and the density of TNVS retailers, which both positively affect ITN demand. Table 2 also shows the marginal impact of each variable on the probability that the voucher recipient buys an ITN. For the continuous explanatory variables, this value is straightforward to interpret. For the binary explanatory variables, the exponential function is first applied to the estimated coefficient. The resulting number equals the binary variable's effect on the odds ratio, which is the probability of an ITN purchase divided by the probability of no purchase (Liao 1994) . For example, the estimated coefficient on the highest quintile shows that the odds of a woman from that subgroup buying an ITN is 4.09 times that of a woman from the bottom quintile.
Results
It is possible that ITN prices and free ITNs have a different effect on the demand of women from the poorest households compared with those from less poor households. Poor women might show a relatively large demand response to ITN price changes since the top-up payment comprises a greater share of total household spending. Similarly, poor women's demand response to a free ITN may differ from less poor women, though the predicted response is not obvious. These two questions are explored by conducting separate demand estimates for the lowest two and top two quintiles. 5 The results
show that the marginal impact of price on the purchase decisions of poor women is twice that of less poor women. However, the impact of free ITNs on ITN demand does not appreciably differ by socio-economic status. Table 2 provides information to compute demand elasticities, which show the percentage change in ITNs purchased for a 1% change in the explanatory variable. For the continuous explanatory variables, elasticities come from the marginal probability effects in column four, the sample mean of the respective variable and the corresponding purchase probability. Looking at ITN prices, the demand elasticity (À0.125) equals the marginal probability effect (À0.0002) times the ratio of the mean top-up (479.2 TSh) to the mean purchase probability (0.828). For the income elasticities of demand, data from the World Bank (2007) show the share of gross domestic product (GDP) that households earn in each expenditure quintile. Applying these shares to national GDP yields the total GDP earned by each quintile. Dividing each quintile's total income by one-fifth of the total population gives the mean GDP per capita for households in each quintile. The percentage change in income between each quintile is then compared with the predicted percentage change in the number of ITNs purchased per 100 voucher recipients at each expenditure quintile.
Both the price and income elasticities of demand are very small, while receipt of a free ITN moderately reduces a woman's probability of buying an ITN. Overall price elasticity of demand equals À0.125, and while larger for poor households, it is still highly inelastic (À0.321). One important caveat regarding the price elasticity is that the estimate reflects demand behaviour under the subsidized price scheme. The price elasticity for unsubsidized ITNs may differ and is quite likely more elastic, but its estimation lies beyond this study. 6 The estimated income elasticity of demand equals 0.46 for the poorest quintile and remains below 0.15 for the other quintiles. Free ITNs reduce the odds of a woman's ITN purchase by a factor of 0.28, which is equivalent to a decrease in the purchase probability from 0.83 to 0.56 for women in 'average' households and a decrease from 0.65 to 0.34 for women from the poorest quintile.
Discussion
The estimated demand elasticities obtained here compare favourably with previous studies that use either contingent valuation or experimental methods. find that when ITN prices are well below market equilibrium, price elasticity for ITNs in Nigeria ranges from À0.60 to À0.91 Table 41 ).
The small income elasticities of demand suggest that economic growth alone will not lead to substantial increases in ITN coverage. If voucher recipients from the lowest quintile experience 10% income growth, they will increase their ITN purchases by only 4.6%. Similar income growth for wealthier households will produce even smaller increases in ITN purchases as per their respective income elasticities. Furthermore, the current global recession raises doubts about whether such income growth will occur anytime soon.
The finding that free ITNs reduce voucher recipients' shortterm ITN purchases is important to consider but also warrants additional investigation. In the short term, reduced purchases by voucher recipients during a free distribution campaign do not diminish overall ITN coverage since the free ITNs easily exceed the decline in purchases. However, three unresolved questions are: (1) whether short-term purchase reductions by voucher recipients cause a decline in the number of participating TNVS retailers; (2) whether free ITNs similarly affect unsubsidized ITN purchases in the short term (which could also have a second-order effect on the number of retailers); and (3) whether free ITNs affect both subsidized and unsubsidized ITN purchases over the long term.
Two variables in the estimated demand model that should not be overlooked are the voucher recipient's education level and the density of ITN retailers in each district. While neither of these policy-related variables present immediate solutions for increasing ITN coverage, the evidence suggests a modest impact on ITN coverage of expanded education for women and girls. Similarly, expanding the number of participating ITN retailers will increase voucher redemption rates as women experience reduced travel costs and improved convenience when purchasing an ITN.
There are a number of potential limitations to this analysis. First, the strategy for identifying the price effect in the demand equation rests on the assumption that the variation in ITN prices is exogenous, and does not interact with other, unmeasured, influences on ITN purchase decisions. We investigated 
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one possible set of influences by regressing ITN prices on various measures of district-level socio-economic development and found no relationship. However, to the extent that other, unobservable factors such as access to credit are positively correlated with both price and purchasing decisions, the estimated price coefficient could be biased upward. A second hypothesis, suggested by the data on the number of ITN retailers per clinic, is that retailers have monopoly power and might therefore practise price discrimination according to specific customers' ability to pay. From the available data it is impossible to know the extent of price discrimination practised by TNVS retailers. Moreover, it is unclear how price discrimination would affect the price elasticity estimate. A relatively small top-up for poorer women ceteris paribus would suggest an upward bias to their elasticity estimate. However, poorer women also have a lower probability of buying an ITN, thus making the direction of the possible bias impossible to predict. Similar arguments apply to less poor women who might pay a relatively large top-up. The fact that our price elasticity estimates are consistent with others in the literature provides some assurance that these biases are not large, but they cannot be ruled out. Secondly, interpreting the 'FREENET' coefficient in the demand model as measuring how free ITNs affect short-term ITN purchases rests on the assumption that the choice of districts to receive free ITNs was random and not targeted towards the poorest households. To the extent that unobservable factors affecting ITN purchases are also correlated with free ITN receipts, the estimated coefficient may be biased. While the findings suggest no correlation between household socio-economic status and whether or not the household received a free ITN, the number of free ITN households was relatively small, which may have restricted the power to detect a significant difference between these groups.
Conclusion and implications for ITN policy
This study finds that under the recent voucher-based distribution scheme for ITNs in Tanzania, both price and income elasticities of demand for ITNs are highly inelastic. As a result, a single programme change designed to increase ITN coverage, such as increased consumer subsidies, will not substantially improve coverage rates. However, because the voucher recipient's top-up payment inversely affects ITN purchases, with poor households showing a relatively large effect, policy-makers should ensure that the voucher at least keeps pace with the retail price of ITNs. The evidence also shows that receiving a free ITN decreases short-term ITN purchases for voucher recipients. The effects of free ITNs on unsubsidized and long-term ITN purchases are unknown.
These findings have important implications for ITN delivery strategy in Tanzania and elsewhere. The Government of Tanzania plans to continue to combine intermittent free ITN campaigns ('catch-up') with routine distribution through antenatal and child health services using the voucher scheme. Our results suggest that a number of steps are needed for the voucher scheme to continue contributing towards increased and sustained ITN coverage. These include continual adjustment of the subsidy so that real top-up amounts are either stable or decreasing, attention to overall income growth for the poorest households, improving general education levels for women and girls, and expanding the number of ITN retailers.
In addition, these findings provide some evidence about the interactions between two delivery systems in a 'pluralistic' system which tries to combine 'catch-up' with 'keep-up', and suggest some hypotheses for further study in this new delivery context. The finding that those who receive a free ITN are less likely to purchase a subsidized ITN using the voucher scheme has two possible implications. On the one hand, this finding could suggest that free ITNs dampen demand for ITNs provided through the retail sector, even if these are highly subsidized. This could potentially have negative effects on the commercial supply of ITNs. How one interprets this finding greatly depends on perception of the credibility of donor commitment to continue A preliminary regression showed that the coefficients on SES2 and SES3 were not significantly different. Hence, the two coefficients were constrained to be equal in this estimation. Details are available upon request. b Equals the exponential function applied to the estimated coefficient, which
gives the multiplicative change in the odds ratio when the binary variable changes from zero to one (Liao 1994 The Kappa indicator of goodness-of-fit for GEE estimation (Williamson et al. 2003) ranges from 0 to 1, with 1 showing perfect fit.
funding ITNs through campaigns and to provide sufficient free ITNs to achieve 'universal coverage'. On the other hand, the finding that those who have a net already are less likely to purchase a new net in the short-term may reflect a fully reasonable strategy of households waiting until the free net is worn out before replacing it with a voucher net. Further research is required to determine whether it is possible to combine free nets delivered through mass campaigns with a system which relies on the commercial sector to distribute nets, and to determine whether the coverage achieved through this combined system is more sustainable than that which any one system can achieve on its own.
are divided into two groups depending on whether they received a free ITN. The summary data are provided in Appendix Table B .
The chi-square statistic that tests for equal proportions of poor households in each group equals 1.66 (1 degree of freedom), with a P-value of 0.197. Hence, the null hypothesis that each group is comprised of comparable households cannot be rejected.
